Abstract. Optimization of an engineering system or component makes a series of changes in the initial random solution(s) iteratively to form the final optimal shape. When multiple conflicting objectives are considered, recent studies on innovization revealed the fact that the set of Pareto-optimal solutions portray certain common design principles. In this paper, we consider a 14-variable bi-objective design optimization of a MEMS device and identify a number of such common design principles through a recently proposed automated innovization procedure. Although these design principles are found to exist among near-Paretooptimal solutions, the main crux of this paper lies in a demonstration of temporal evolution of these principles during the course of optimization. The results reveal that certain important design principles start to evolve early on, whereas some detailed design principles get constructed later during optimization. Interestingly, there exists a simile between evolution of design principles with that of human evolution. Such information about the hierarchy of key design principles should enable designers to have a deeper understanding of their problems.
Introduction
Gathering better and richer knowledge about a problem always fascinated man. In the context of engineering design, this amounts to discovering and understanding a number of aspects related to the design problem at hand. First and foremost, the designer is interested in knowing what shape, parameters, materials etc. would make a solution optimal with respect to one or many objectives of design. Optimality is an important consideration, as the designers are aware that an optimal design is always competitive and can never be bettered by any other solution. With the classical mathematics-oriented [11] and non-traditional optimization tools, such as evolutionary algorithms, simulated annealing, etc. that are available today, finding a near-optimal solution to a complex engineering problem involving non-linear objectives and constraints, mixed nature of variables, computationally expensive evaluation procedures, and stochasticities in evaluation process can all be achieved reasonably well.
Secondly, with the machine learning and data mining tools available today, designers can hope to know more beyond just finding the optimal solutions of a problem. They can provide a deeper understanding about the properties of optimal solutions and gather valuable knowledge for their future use. A recent study on innovization proposed the use of two or more conflicting objectives to find a set of trade-off near Pareto-optimal solutions and then an analysis of the solutions to unveil hidden properties common to them [1, 2, 7] . These properties are referred to as design principles. They convey useful information about 'what makes a solution optimal?'.
Optimization is an iterative process in which the task is started with one or more random solutions. Solutions are then modified by the algorithm's operators to hopefully find better solutions. The solution update procedure is continued iteratively till one or more satisfactory solutions are found. The process, if thought carefully, is an evolutionary process, in which a set of random naive solutions (most likely not resembling at all with the final optimal solutions) get modified to take shape of optimal solutions. Ignoring a number of complex effects associated with natural evolution (such as environmental changes, sexual reproduction, dominance-diploidy etc.), the above-described optimization process can be viewed similar to the human evolution, a process that started from the creation of prokaryotes cells (around 4,000 million years ago (Ma)) to eukaryotes (around 2,100 Ma) to sponges (around 600 Ma) to vertebrates (around 500 Ma) to tetrapods (around 390 Ma) to synapsida (around 256 Ma) to reptiles (around 250 Ma) to placental mammal (around 160 Ma) to primates (around 75 Ma) to Hominidae (around 15 Ma) to Australopithecus Afarensis (around 3.6 Ma) to Homo erectus (around 1.8 Ma) to Homo Sapiens (160 thousand years ago) and to the ancestors of modern day Homo Sapiens (around 12,000 years ago) [9] . We concentrate on the fact that several milestone developments made the evolution of modern human possible and the information about these key developments are important for the evolutionists to have a better understanding of how we have come and where we may go from here. The development of back-bone (vertebrate) as early as around 500 Ma was the first major event in the human evolution. Thereafter, the development of legs around 390 Ma was another major breakthrough that allowed the creatures to leave water and come to land. Many other significant anthropological developments took place along the way, which eventually helped create high-performing living creatures like humans.
In this paper, we consider a specific engineering design task for our study and first find a set of trade-off, near-Pareto-optimal solutions using an EMO procedure. These high-performing solutions can be viewed somewhat similar to the human population of today who can be considered better and high-performing compared to all of their ancestors since the beginning of life formation about four billion years ago. Thereafter, we perform an automated innovization task on these high-performing design solutions to reveal a set of design principles common to them. These principles may be thought of as similar to the features
